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On Channel Emulation Methods in Multi-Probe
Anechoic Chamber Setups for Over-The-Air Testing
Yilin Ji, Wei Fan, Gert F. Pedersen, Xingfeng Wu
Abstract—Multiple-input multiple-output (MIMO) over-the-
air (OTA) testing gives a way to evaluate the radio performance
of MIMO-capable devices under realistic propagation channels
as an alternative to expensive and uncontrollable drive testing. In
this paper, we review two major channel emulation methods for
MIMO OTA testing under the multi-probe anechoic chamber
(MPAC) setup, i.e. the prefaded signals synthesis (PFS) and
the plane wave synthesis (PWS). The target channel model
for emulation is the geometry-based stochastic channel model
(GSCM). The signal models for both channel emulation methods
for the whole link from the transmitter (Tx) side to the receiver
(Rx) side are given. The comparison analysis gives some new
insights into the two channel emulation methods. The analytic
expression of the joint space-time correlation function is derived
for both methods in comparison to that of the target channel.
It shows the cluster-wise channel emulated by the PFS method
is Kronecker structured, which is different from the general
definition of GSCMs. In contrast, the channel emulated with the
PWS method is consistent with GSCMs. Moreover, the emulation
accuracy for the two methods are compared under different
target channel settings, i.e. different cluster angular spreads. The
simulation results demonstrate the advantage of the PWS method
over the PFS method, especially when cluster angular spreads
are small.
Index Terms—MIMO OTA testing, MPAC, channel emulation
methods, space-time correlation.
I. INTRODUCTION
Multiple-input multiple-output (MIMO) over-the-air (OTA)
testing [1] currently plays an important role in evaluating the
radio performance of any MIMO-capable device in different
development stages, e.g. early-stage prototyping and mid-term
refinement, before final massive roll-out. It helps researchers
to reveal the potential flaws and non-idealities of the products
during the design and manufacturing phase. The conventional
way to conduct MIMO performance testing is called MIMO
conducted testing. In conducted testing, the shell of the device-
under-test (DUT) needs to be opened, and antenna ports on the
DUT need to be reserved for cable connection. However, OTA
testing does not suffer from these limitations. Therefore, it is
standardized that the radiated performance testing of MIMO-
capable devices must be performed over-the-air [1].
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In general, the implementation of MIMO OTA testing can
be divided into three main categories, i.e. the radiated two-
stage (RTS) methods [2], [3], the reverberation chamber (RC)
based methods [4], [5], and the multi-probe anechoic chamber
(MPAC) based methods [6]–[9]. The RTS method evolves
from the conducted two-stage method [10] where the physical
cable connection between the channel emulator (CE) output
ports and the DUT antenna ports is approached over-the-air in
an anechoic chamber. By introducing a so-called calibration
matrix in the CE, the product of the calibration matrix and
the transfer matrix between the CE output ports and the DUT
antenna ports yields (or approximates) an identity matrix. In
other words, the signals received at the DUT antenna ports
are approximately the same as from the conducted two-stage
method as if cables were used. Therefore, this method is also
called wireless cable method [3]. Due to the use of CEs,
arbitrary channel models can be implemented with the RTS
method. However, the antenna array field pattern needs to be
measured in the first stage with the internal receivers of the
DUT and synthesized in the CE in the second stage, which
means the DUT antenna response is not inherently included
during the testing. Hence, the RTS method is not suitable
for DUTs with reconfigurable or adaptive antenna patterns
[3]. The second category is the RC based method, which
generates isotropic spatial channels with Rayleigh fading by
rotating mechanical stirrers and DUT in the reverberation
chamber (metallic cavity). Unlike the RTS method, the DUT
antenna pattern is directly included in the testing. However, the
drawback of the RC based method is its limited control on the
reproduced channels. The third category is the MPAC based
method, which is standardized in CTIA [11] for its capability
of reproducing standard channel models, i.e. geometry-based
stochastic channel models (GSCMs), such as 3GPP SCM [12],
SCME [13], and WINNER II model [14].
Two channel emulation methods, which are shown later in
the paper, are usually adopted with MPAC setups, namely the
prefaded signals synthesis (PFS) [7], [15], and the plane wave
synthesis (PWS) [6]–[9]. The verification of both methods is
usually done with channel characteristics in different domains,
e.g. spatial correlation function (SCF) on the transmitter (Tx)
side, SCF on the receiver (Rx) side, temporal correlation
function (TCF), power delay profile, and cross-polarization
ratio (XPR) [7], [16]. However, the verification in joint domain,
e.g. the SCF in joint Tx-Rx space domain, is rarely mentioned.
Moreover, the PFS and the PWS method are usually consid-
ered to be equally capable of emulating GSCMs [7], [17]. In
this paper, the signal models for the emulated channels with
the PFS and the PWS method are given. The space-time corre-
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Fig. 1. The diagram of MIMO OTA testing with an MPAC setup [16]. Note the DUT antennas are illustrated as a ULA, but they can be of arbitrary structures
in practice.
lation function (STCF) [18]–[21] is derived for both methods
in joint Tx space, Rx space, and time domain. Comparisons
are made to the STCF of the target channel model for the
first time in the literature. The commonly-believed equivalence
in emulation accuracy for the two methods is evaluated. The
simulation in SCF on the Rx side shows that this is only valid
when the cluster angular spread of the target channel is large.
The contribution of this paper lies in the following aspects:
• The signal models of the emulated channels for the whole
link from the Tx side to the Rx side are given for both
the PFS and the PWS method.
• The STCF in the joint domain, i.e. the spatial domain on
the Tx side, the spatial domain on the Rx side, and the
time domain, is derived for both methods, which reveals
the Kronecker structure of the cluster-wise emulated
channel with the PFS method. This feature is important,
yet not known for the PFS method.
• The emulation accuracy of the two methods is compared
in terms of the SCF of the emulated channels on the Rx
side under different target channel settings, i.e. cluster
angular spreads. It is demonstrated that the commonly-
believed equivalence in channel emulation capabilities is
only valid when the cluster spread is large.
The rest of the paper is organized as follows: In Section II,
the principles of the PFS and the PWS method are reviewed.
In Section III, the STCF of the emulated channel is derived for
both methods, and the difference to that of the target channel
is discussed. In Section IV, the emulation accuracy of the two
methods are compared under different target channel settings.
Section V concludes the paper.
The notation used in this paper is as follows: (·)T denotes
the transpose operator, (·)∗ the complex conjugate operator,
‖ · ‖ the Euclidean norm, 〈·, ·〉 the inner product operator, and
E{·} the expectation operator.
II. PRINCIPLE OF CHANNEL EMULATION METHODS
UNDER MPAC SETUP
The diagram of MIMO OTA testing with the MPAC setup
is shown in Fig. 1. The whole system consists of a radio
communication tester, a CE, a power amplifier box, and a
number of OTA probes located inside an anechoic chamber.
For the downlink, test signals are generated from a radio
communication tester, which mimics the behaviour of a Tx
equipped with S antennas. The test signals are transmitted to
the CE via cables, and further convolved with the channel
in the CE, which is generated according to the standard
channel models. The output signals from the CE are fed to K
OTA probes inside the anechoic chamber after being power
amplified. The target spatial profiles on the Rx side, i.e. the
DUT side, are generated in the so-called test area over-the-
air with the channel emulation methods. The DUT with U
antennas is placed in the test area to perform the testing. Note
the DUT antennas are illustrated as a uniform linear array
(ULA) in Fig. 1, but they can be of arbitrary structures in
practice. The focus of the testing is on the downlink, and
usually only one communication antenna is placed in the
anechoic chamber for uplink communication.
The goal of the channel emulation methods is to reproduce
the spatial profiles of the target channel on the Rx side in
the test area with the MPAC setup. The PFS method and the
PWS method achieve the objective in two different ways. In
this section, we introduce the target channel models, i.e. the
GSCMs, and the two channel emulation methods, i.e. the PFS
and the PWS method.
A. Target Channel Models
For a MIMO system with S antenna elements on the Tx
array and U antenna elements on the Rx array, the time-
variant channel transfer function hu,s(t, f) between the sth
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where N is the number of clusters, t denotes the time, and



















· exp(j2πϑn,mt) exp(−j2πfτn), (2)
where Pn and τn are the power and the delay of the nth
cluster, respectively. M is the number of subpaths for each
cluster, FVs,Tx and F
H
s,Tx are the antenna field patterns of
the sth Tx antenna for vertical and horizontal polarization,
respectively. Similarly, FVu,Rx and F
H
u,Rx are the antenna field
patterns of the uth Rx antenna for vertical and horizontal
polarization, respectively. ϕn,m, φn,m, and ϑn,m are the angle
of departure (AoD), angle of arrival (AoA), and Doppler
frequency of the mth subpath of the nth cluster, respectively.
Note that the antenna field pattern is defined with a common
phase center over the antenna array, so the phase differences
corresponding to the array geometry are inherently included.





















n,m are independent and iden-
tically distributed (i.i.d.) random variables which are uniformly
distributed over [0, 2π]. κn,m is the XPR of the mth subpath
of the nth cluster.
For MPAC based methods, the key problem to solve is to
reproduce the target spatial profile on the Rx side over-the-
air, since the other channel properties, e.g. spatial profile on
the Tx side, Doppler spectrum, power delay profile, and XPR,
can be perfectly reproduced in the CE [16], [22]. The dual
polarization control is realized by using OTA probes with two
co-located orthogonally polarized elements with independent
feeds. For simplicity, we only discuss the vertical polarization
case hereafter. In the single polarization case, the polarization












· exp(j2πϑn,mt+ jΦn,m) · exp(−j2πfτn), (4)
where F Txs and F
Rx
u are the vertically polarized antenna field
pattern for the sth Tx antenna and uth Rx antenna, respectively.
Φn,m is the i.i.d. random initial phase of the mth subpath
of the nth cluster. We further restrict our discussion to two-
dimensional (2D) channel models, which means the OTA
probes and the test area are in the same plane, i.e. the azimuth
plane. Consequently, AoDs and AoAs correspond to azimuth
angles.
B. Prefaded Signals Synthesis Method
For link level simulations, channels are generated based
on drops, within which channel parameters are fixed and
motions are only virtual [14]. Due to the wide-sense stationary
uncorrelated scattering (WSSUS) assumption [18]–[20] for
every drop, the channel can be fully characterized with its
second-order statistics, i.e. the correlation functions. The PFS
method generates the channel, whose correlation functions
approximate those of the target channel cluster-wise.
For an MPAC setup equipped with K OTA probes, the
transfer function emulated with the PFS method from the sth













· exp(j2πϑn,mt+ jΦn,m,k) · exp(−j2πfτn), (5)
where Φn,m,k is the i.i.d. random initial phase of the mth
subpath of the nth cluster for the kth OTA probe. gn,k is the
power weight applied on the kth OTA probe for the nth cluster
with
∑K
k=1 gn,k = 1.
In order to observe the emulated channel in the test area,
the test area is sampled with Ũ virtual isotropic antennas. The
emulated channel observed at the ũth virtual antenna (VA)
from the sth Tx antenna for the nth cluster can be calculated
























· exp(j2πϑn,mt+ jΦn,m,k) · exp(−j2πfτn), (6)
where FVAũ (φ
OTA
k ) is the antenna field pattern of the virtual
antenna ũ with ‖FVAũ ‖ = 1. φOTAk = 2π(k−1)/K is the angle
where the kth OTA probe is located with respect to the center
of the test area. Note that the antenna patterns of the OTA
probes and the power loss due to the free-space propagation
from the OTA probes to the test area are omitted in (6) because
the transmitting power of each OTA probe is calibrated to
the same level with a calibration antenna in the center of the
test area. Moreover, since the OTA probes are placed in the
far field of the test area, the plane wave assumption holds
across the test area with respect to each OTA probe. Also, the
power variation within the test area from each OTA probe is
negligible.
The spatial profile of each cluster of the target channel on
the Rx side is emulated by assigning a proper power weight
gn,k to the kth OTA probe for the nth cluster so that the
emulated spatial profile in the test area approaches the target
one. The spatial correlation of the nth cluster of the target
channel for an arbitrary virtual antenna pair (ũ1, ũ2) with ũ1 ∈
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where hũ,s,n(t, f) is calculated from (4) with the virtual
antenna ũ as the Rx antenna. β0 = Pn is the normalization
factor to force ρũ1,ũ2 = 1 when ũ1 = ũ2. The detailed
derivation for (7) is given in Appendix A. The corresponding
spatial correlation of the emulated channel can be derived




















where β̂0 = Pn is the normalization factor to force ρ̂ũ1,ũ2 = 1
when ũ1 = ũ2. The detailed derivation for (8) is given in
Appendix B.
The power weight vector gn = [gn,1, ..., gn,K ] is obtained




‖ρũ1,ũ2 − ρ̂ũ1,ũ2(gn)‖2, (9)
for all combinations of (ũ1, ũ2) pairs. Equation (9) is convex
and can be solved efficiently [23]. Finally, the emulated
channel for the nth cluster from the sth Tx antenna to the



















· exp(j2πϑn,mt+ jΦn,m,k) · exp(−j2πfτn). (10)
C. Plane Wave Synthesis Method
In comparison to the PFS method, where the target channel
model is emulated cluster-wise, the PWS method is capable
of reproducing each subpath within clusters. For the PWS
method, the channel transfer function from the sth Tx antenna
to the kth OTA probe for the mth subpath of the nth cluster






F Txs (ϕn,m) · wn,m,k
· exp(j2πϑn,mt+ jΦn,m) · exp(−j2πfτn), (11)
where wn,m,k is the complex weight added on the kth OTA
probe for the mth subpath of the nth cluster. Note that unlike
the PFS method where real-valued power weights are applied,
complex-valued weights are used in the PWS method. Again,
virtual antennas are introduced in the test area to observe
the emulated channel. The emulated channel observed on
the virtual antenna ũ can be calculated as the sum of the


















k ) · wn,m,k
· exp(j2πϑn,mt+ jΦn,m) · exp(−j2πfτn). (12)
Since the array response of a single plane wave from the
target AoA φn,m on the ũth virtual antenna is F
VA
ũ (φn,m),


























Equation (13) can be solved with the least squares method.
Finally, the emulated channel for the mth subpath of the nth
cluster from the sth Tx antenna to the uth DUT antenna with













k ) · wn,m,k
· exp(j2πϑn,mt+ jΦn,m) · exp(−j2πfτn). (14)
Using channel linearity, we can further obtain the contribution
of the nth cluster of the emulated channel from the sth Tx
















k ) · wn,m,k
· exp(j2πϑn,mt+ jΦn,m) · exp(−j2πfτn). (15)
Note that since the PWS method utilizes complex weights
on OTA probes for each subpath, both power and phase cal-
ibration are needed before testing, which is more demanding
than the PFS method in terms of calibration complexity. It
was shown in [24] that both power and phase calibration can
be achieved at high accuracy for traditional user equipment
(UE) OTA testing. However, for the upcoming fifth-generation
(5G) communication systems [25]–[28], the phase calibration
could be difficult to achieve for base station (BS) OTA testing
due to the non-linearity of radio frequency (RF) components,
e.g. switches and power amplifiers, at high frequency band,
and the increased number of OTA probes. Nonetheless, the
hardware resources required for the PFS and the PWS method
are identical for testing the same DUT.
III. SPACE-TIME CORRELATION FUNCTION ANALYSIS
In this section, we derive the cluster-wise STCF of the emu-
lated channels for the PFS and the PWS method in comparison
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to that of the target channel model. It is straightforward to
extend the derived cluster-wise STCF for the whole channel
with multiple clusters due to channel linearity. In order to focus
on the channel properties, both the Tx and the Rx antennas
are assumed to be isotropic, i.e. ‖F Txs ‖ = ‖FRxu ‖ = 1. We
further assume the target channel can be perfectly emulated
by the PFS and the PWS method in the test area. There exists
a power weight vector gn with n ∈ [1, N ] for the PFS method
that yields
ρ̂u1,u2 = ρu1,u2 , (16)
for all (u1, u2) DUT antenna pairs with u1 ∈ [1, U ] and u2 ∈
[1, U ]. Similarly, there exists a complex weight vector wn,m







k ) · wn,m,k = FRxu (φn,m), (17)
for all U DUT antennas. This assumption can be approxi-
mately achieved when the number of OTA probes is sufficient
to support the desired test area size with respect to an
acceptable emulation error, e.g. within 0.2 in deviation from
the target SCF [7].
A. The STCF for the Target Channel Model
Using the property of the i.i.d. random initial phase Φn,m
in (4), the STCF for the nth cluster of the target channel can
be derived as
















· FRxu2 (φn,m)∗ exp(j2πϑn,mt1) exp(j2πϑn,mt2)∗, (18)
where β0 = Pn is the normalization factor to force
R(u1, s1, t1;u2, s2, t2) = 1 when u1 = u2, s1 = s2, and
t1 = t2. The derivation for (18) is similar to that given in
Appendix A, and thus omitted here.
By assigning u1 = u2 and t1 = t2, we obtain the target












By assigning s1 = s2 and t1 = t2, we obtain the target SCF






















B. The STCF for the PFS Method
Using the property of the i.i.d. random initial phase Φn,m,k
in (10), the STCF for the nth cluster of the emulated channel
with the PFS method can be derived as







































= Pn is the normalization factor. The derivation
for (22) is similar to that given in Appendix B, and therefore
omitted here. Using the equality in (16), (22) is recast to





















By assigning u1 = u2 and t1 = t2, we obtain the emulated












By assigning s1 = s2 and t1 = t2, we obtain the emulated























By comparing the SCF and TCF for the target channel, i.e.
(19) to (21), with those for the emulated channel with the PFS
method, i.e. (24) to (26), it can be seen the channel second-
order characteristics are very well reproduced in each domain
separately. However, in the joint domain, the target STCF in
(18) is different from the emulated STCF in (23). Actually,
it can be observed the emulated STCF has the Kronecker
structure [29] between the joint AoD-Doppler domain and the
AoA domain, i.e.
R̂PFS(u1, s1, t1;u2, s2, t2) = R̂
PFS(s1, t1; s2, t2) · R̂PFS(u1;u2),
(27)
where R̂(s1, t1; s2, t2) is obtained by setting u1 = u2 in (23).
Since the correlation function and the power spectrum are
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Fourier transform pairs in their respective domains [20], the
Kronecker structure of the STCF indicates that the power AoD-
Doppler spectrum is independent to the power AoA spectrum
cluster-wise for the channel emulated with the PFS method.
More intuitively, the same power AoD-Doppler spectrum
would be seen by the DUT irrespective of the AoA within
each cluster. Note this property is different from the general
definition of the target channel model except the target channel
model is set so specifically.
C. The STCF for the PWS Method
Using the property of the i.i.d. random initial phase Φn,m
in (15), the STCF for the nth cluster of the emulated channel
with the PWS method can be derived as




































































































is the normalization factor. Using the equality in (17), we can
obtain
R̂PWS(u1, s1, t1;u2, s2, t2) = R(u1, s1, t1;u2, s2, t2). (30)
Straightforwardly, the respective correlation functions in indi-
vidual domains, i.e. the SCF on the Tx/Rx side and the TCF,
for the PWS method is the same as that of the target channel
as well, and thus omitted here to avoid redundancy.
IV. EMULATION ACCURACY COMPARISON
As mentioned in Section II, reproducing the spatial profile
on the Rx side is the goal for the MPAC based methods, since
the other channel properties can be realized in the CE as in
conducted testing. In this section, we first show the emulation
accuracy of the PWS method in terms of relative field error
(RFE). Then, we compare the emulated SCF on the Rx side
between the PFS and the PWS method. The power spectrum
in the joint AoD-AoA domain is lastly given to show the
Kronecker structure of the emulated channel with the PFS
method.
An MPAC setup with K = 16 OTA probes evenly located
on the OTA ring is used for the simulation throughout this
section, as shown in Fig. 2. The test area is set to 1.6λ in













Fig. 2. The OTA probe configuration for the simulation in Section IV. “Best
case” denotes the impinging angle at 0◦, and “Worst case” the impinging
angle at 11.25◦.
A. RFE for the PWS Method
The target channel is set to a single plane wave with AoA φ0.
It is natural to see the target plane wave being well emulated
when its AoA is aligned to any OTA probe, so we present
two cases here to check the emulation accuracy of the PWS
method, namely the best case and the worst case, as shown
in Fig. 2. In the best case, φ0 is set to 0
◦ at which angle
there locates an OTA probe. In the worst case, φ0 is set to
11.25◦ which is the direction in the middle of two adjacent
OTA probes.
The target and the emulated field are evaluated in the local
area of size 2.4λ × 2.4λ containing the test area. For any
arbitrary location q in this local area, the amplitude of the









where rq is the vector of coordinates for location q. e(φ0)
is the unit vector pointing at angle φ0. The amplitude of the













where wk is obtained through solving (13) with φn,m = φ0
and wn,m,k = wk for the single plane wave. The magnitude
and the phase of Fq(φ0) and F̂q(φ0) for the best and the
worst case are shown in Fig. 3. The white circle represents
the boundary of the test area with a diameter of 1.6λ. To tell
the difference between the target and the emulated field, the
RFE is used as an indicator of deviation, and is calculated as











Fig. 4 shows the RFE in the region containing the test area
in xy plane. The white circle indicates the boundary of the
test area. Although we can see the RFE increases outside the
test area in the worst case, the RFE within the test area is
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Fig. 3. The magnitude and the phase of the target and the emulated field of a single plane wave for (a) the best case, i.e. φ0 = 0
◦, and (b) the worst case,
i.e. φ0 = 11.25
◦ in the local area containing the test area. White circle denotes the boundary of the test area which is 1.6λ in diameter.
Worst case































Fig. 4. RFE calculated in the local area containing the test area for (left) the
best case, i.e. φ0 = 0
◦, and (right) the worst case, i.e. φ0 = 11.25
◦. White
circle denotes the boundary of the test area which is 1.6λ in diameter.
always low, i.e. up to −25dB, for both cases. Therefore, the
PWS method is capable of reproducing plane waves impinging
from any angle with high emulation accuracy.
B. SCF on the Rx Side under Different Cluster Angular
Spreads
The target channel model is changed to a single cluster
with different cluster angular spreads of arrival (CASA), i.e.
from 5◦ to 35◦ with 5◦ steps. The cluster is generated with
its power AoA spectrum following the Laplacian distribution
[1], [14]. The total power of the cluster is set to 1. In total,
20 subpaths are generated in the cluster with equal power,
i.e. 0.05 each, but non-uniform AoAs as in [14, Table 4-1].
Similar to Section IV-A, the discussion is also split into the
best and the worst case. The cluster mean AoA φ̄0 is set to 0
◦
and 11.25◦ for the best and the worst case, respectively. The
target power spectrum in the AoA domain with 5◦ CASA for
both cases is shown as an example in Fig. 5. A shift in the
cluster mean AoA can be observed between the best case and
the worst case.


























Fig. 5. Target power spectrum in the AoA domain consisting of 20 subpaths
generated according to the standards with 5◦ CASA for (top) the best case,
i.e. φ̄0 = 0
◦, and (bottom) the worst case, i.e. φ̄0 = 11.25
◦.
The power weights for the PFS method and the complex
weights for the PWS method are solved with the cost functions
given in (9) and (13), respectively. The SCFs on the Rx side for
the emulated channels with the PFS and the PWS method are
then calculated with (22) and (28), respectively, with s1 = s2
and t1 = t2. The results are shown in Fig. 6. It can be observed
that the SCF for the PWS method follows the target one almost
perfectly for an antenna separation up to 1.6λ for all CASAs
in both cases. It is because the PWS method is capable of
reproducing a plane wave from arbitrary directions in the test
area with a sufficient number of OTA probes as illustrated in
Section IV-A.
As mentioned in the introduction, the PFS and the PWS
method are usually considered to be equal in emulation
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Fig. 6. The SCF on the Rx side for (a) the best case, i.e. φ̄0 = 0
◦, and (b) the worst case, i.e. φ̄0 = 11.25
◦, for the target and the emulated channels with
the PFS and the PWS method at different CASAs, respectively.
accuracy [7], [17]. However, it can be observed in Fig. 6 the
deviation in SCF for the PFS method is always larger than that
for the PWS method. For both the best and the worst case, the
deviation decreases with the increase of CASAs, which shows
the PFS method is poor at reproducing clusters with small
angular spreads. This is more obvious in the worst case as
the deviation occurs at a smaller antenna separation. When
the CASA is very small compared to the angular separation
of adjacent OTA probes, e.g. CASA = 5◦ and 10◦ compared
to the 22.5◦ OTA probe separation, the cluster becomes very
specular in angular domain. If the specular cluster comes in
the direction where there is no OTA probe as in the worst
case, the PFS method cannot reproduce it, and the deviation
of the SCF is significant even at a small antenna separation
as seen in Fig. 6(b). Recall that the supported test area size
is usually determined on the largest antenna separation with
respect to an acceptable deviation level in SCF. Therefore, the
PWS method supports a larger test area than the PFS method
with the same MPAC setup, especially at small CASAs. Note
that the results presented in Fig. 6 are consistent with those
reported in [7], [17], where channel models with large CASAs
(i.e. 35◦) were investigated.
Nonetheless, the SCFs for both methods well follow the
target at large CASAs, e.g. 30◦ and 35◦. Therefore, the
emulation accuracy can be considered the same for cases such
as UE testing where the CASA is large due to surrounding
rich scatterers. However, for cases like BS testing where the
CASA is small, e.g. 2◦ and 5◦ as for SCME Urban Micro-cell
(UMi) and Urban Macro-cell (UMa) scenario respectively [13],
the two methods shall not be considered the same in terms of
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True Power AoD-AoA Spectrum
Fig. 7. True power spectrum of 20 subpaths in the joint AoD-AoA domain
generated as the target channel for emulating with the PFS and the PWS
method.
emulation accuracy.
C. Power Spectrum in Joint AoD-AoA Domain
The target channel is set to a single cluster. The cluster
angular spread of departure (CASD) is set to 5◦, and the CASA
is set to 35◦ in accordance with the SCME UMi scenario
[13]. The cluster mean AoA is set to 0◦ which corresponds
to the best case in Fig. 6. The cluster mean AoD is also
set to 0◦. The AoD and the AoA of subpaths are randomly
paired to each other. The Tx antenna array is set to a ULA
of 4 isotropic antenna elements with 0.5λ element spacing
(i.e. 1.5λ in array aperture). The Rx antenna array is set to a
ULA with 33 isotropic antenna elements with 0.05λ element
spacing (i.e. 1.6λ in array aperture). The broadsides of the
Tx and the Rx array are aligned to 0◦ for the AoD and the
AoA domain, respectively. This simulation setting leads to a
fair comparison of the emulated channels between the PFS
and the PWS method because both methods are capable of
emulating the target channel in the test area of size 1.6λ with
low errors as observed in Fig. 6. The true power AoD-AoA
spectrum is shown in Fig. 7 as a reference. However, it is not
observable unless we have an infinite large array aperture on
both Tx and Rx side.
Alternatively, the power AoD-AoA spectrum is estimated
with the Bartlett beamforming and the multiple signal classifi-
cation (MUSIC) algorithm [30]. As the input for the Bartlett
beamforming and the MUSIC algorithm, the joint Tx-Rx
spatial correlation function is obtained from (18), (22), and
(28) with t1 = t2 for the target channel, the PFS method, and
the PWS method, respectively.
The estimated power AoD-AoA spectra from the Bartlett
beamforming are shown in the upper row in Fig. 8. Due to
the small array aperture confined in the test area, the angular
resolution of the Bartlett beamforming is limited. However,
we can see that the estimated power AoD-AoA spectrum
for the PWS method is more consistent with that for the
target channel compared to the PFS method. The MUSIC
algorithm is further applied to obtain the power AoD-AoA
spectra with a finer angular resolution, as shown in the lower
row in Fig. 8. We can see the estimated power AoD-AoA
spectrum of the target channel is more similar to the true one
shown in Fig. 7. However, since the high-resolution MUSIC
algorithm is sensitive to emulation errors, the sidelobes in the
power AoD-AoA spectrum for the PWS method are higher
than those for the target channel. In addition, the Kronecker
structure of the power AoD-AoA spectrum for the PFS method
can be clearly seen from both the Bartlett beamforming and
the MUSIC results, which is consistent with the correlation
function analysis given in Section III-B.
Fig. 9 shows the marginal power AoD spectra and the
marginal power AoA spectra obtained from the Bartlett beam-
forming results given in Fig. 8. It shows although the power
spectra in the joint AoD-AoA domain is different between the
two methods, the marginal power spectra are still the same in
both domains as expected. Note the marginal power spectra of
the MUSIC results are not shown due to the pseudo-spectrum
of the MUSIC algorithm.
It was discussed in the literature [31], [32] that the Kro-
necker model usually underestimates the channel capacity,
especially when the spatial correlation at either Tx side or Rx
side is high. Therefore, when single cluster channel models
are used during performance testing, the underlying channel
capacity is supposed to be underestimated. However, for multi-
cluster channel models, since the Kronecker structure only
appears within the cluster, the AoDs and the AoAs are still
dependent between different clusters from the whole channel
point of view. In [33], [34], it was shown experimentally
the difference between the target channel and the emulated
channel with the PFS method is negligible in terms of capacity
with small arrays, e.g. 2× 2 or 4× 2 MIMO. In [17], similar
results were observed experimentally in terms of throughput.
We postulate the difference is more pronounced for massive
MIMO systems due to their higher angular resolution.
V. CONCLUSIONS
In this paper, two channel emulation methods for MIMO
OTA testing with the MPAC setup, i.e. the PFS and the PWS
method, are reviewed. The standard channel model, i.e. the
GSCM, is used as the target channel model in this study. The
signal models of the emulated channels for the two methods
are given. Moreover, the STCF is derived for both methods.
It shows the STCF for the PWS method is consistent with
that of the target channel, whereas the STCF for the PFS
method is Kronecker structured cluster-wise between the joint
AoD-Doppler domain and the AoA domain. The correlation
functions in the respective AoD, AoA, and Doppler domain
are also derived from the STCF for both methods, which agree
well with those of the target channel.
Simulation is further conducted for both methods with an
MPAC setup of 16 OTA probes evenly located on the OTA
ring. The SCFs on the Rx side are calculated for the target
channel, the PFS method, and the PWS method at different
CASAs ranging from 5◦ to 35◦ with 5◦ steps. It shows both
methods are capable of reproducing clusters of large CASAs,
e.g. from 20◦ to 35◦, for a test area of 1.6λ in size with
an acceptable error. However, for a smaller CASA, only the
SCF for the PWS method still maintains a good match to the
target SCF. The SCF for the PFS method starts to deviate from
the target SCF at a small antenna separation, especially when
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Fig. 8. The estimated power spectra in the joint AoD-AoA domain for the PFS and PWS method. The Bartlett beamforming results are shown in the upper
row with 30 dB power range, and the MUSIC results are shown in the lower row with 60dB power range.






























Fig. 9. The normalized marginal power spectra calculated from the Bartlett
power spectrum estimated in Fig. 8 in (top) the AoA domain, and (bottom)
the AoD domain.
there is no OTA probe located in the direction of the target
cluster mean AoA. This difference between the PFS and the
PWS method might not be observable for UE-type DUTs due
to the large CASA of 35◦ according to SCME model, but it
could be severe for BS-type DUTs. Therefore, it is suggested
to remap the target cluster mean AoA to its closest OTA probe
to achieve a better emulation accuracy for small CASAs with
the PFS method.
The power spectrum in joint AoD-AoA domain is also
estimated with the Bartlett beamforming and the MUSIC al-
gorithm for the emulated channels with both methods. A good
match can be seen between the estimated power spectrum for
the PWS method and the target one. The Kronecker structure
of the emulated cluster-wise channel with the PFS method
is also observed from the estimated power spectrum. This
channel property shall be noted when the target channel model
is a single cluster model for performance testing. Although this
channel property did not seem to cause huge impact on UE
OTA testing in terms of throughput in the literature, it might
be more significant for massive MIMO systems with higher
angular resolution.
Finally, the PWS method is more demanding than the PFS
method in terms of calibration efforts, but in return, the







∥ = 1 is assumed when calculating gn,k to
leave out the effect of Tx antenna pattern on spatial correlation.







































1 when m = m′
0 when m 6= m′
, (35)
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by taking only the terms with m = m′ into account.
APPENDIX B
DERIVATION OF (8)




∥ = 1 is assumed when
calculating gn,k to leave out the effect of Tx antenna pattern




















































1 when m = m′ and k = k′
0 when m 6= m′ or k 6= k′
, (38)













by taking only the terms with m = m′ and k = k′ into
account.
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